The sulfur induced embrittlement of polycrystalline nickel (Ni) metal has been a long-standing mystery. It is suggested that sulfur impurity makes ductile Ni metal brittle in many industry applications due to various mechanisms, such as impurity segregation and disorder-induced melting etc. Here we report an observation that the most ductile measurement occurs at a critical sulfur doping concentration, 14 at.% at pressure from 14 GPa up to 29 GPa through texture evolution analysis. The synchrotron-based high pressure texturing measurements using radial diamond anvil cell (rDAC) X-ray diffraction (XRD) techniques reveal that the activities of slip systems in the polycrystalline nickel metal are affected by sulfur impurities and external pressures, giving rise to the changes in the plastic deformation of the nickel metal. Dislocation dynamics (DD) simulation on dislocation density and velocity further confirms the pressure induced ductilization changes in S doped Ni metal. This observation and simulation suggests that the ductilization of the doped polycrystalline nickel metal can be optimized by engineering the sulfur concentration under pressure, shedding a light on tuning the mechanical properties of this material for better high pressure applications. © 2018 Author (s 
I. INTRODUCTION
The study of embrittlement, or ductility on the other end, of polycrystalline metals due to chemical impurities, such as sulfur (S), hydrogen (H), or phosphor (P) etc., is an important topic in material science, with a wide industrial applications. Since nickel (Ni)-based alloys have been broadly used, the Ni-S system has drawn great industrial attentions. Up to now, several mechanisms of Ni embrittlement, under different S concentrations, have been proposed. After extensive experimental work on S segregations, Heuer et al. proposed an embrittlement mechanism due to disorder-induced melting in Ni. 1 They also reported that a critical embrittlement S-concentration was found at 14.2 at.%. Later on, based upon first principles simulations, Yamaguchi et al. suggested that the dense sulfur segregation at the grain boundary (GB) regions could lead to a large GB expansion and result in the decrease of tensile strength of Ni by one order of magnitude. 2 However, early simulation work by Wu et al. showed the differences between the segregation energy of phosphorus in the GB regions and on the free surfaces, thus the mechanism of impurity induced embrittlement in bulk iron metal was proposed. 3 More recently, Schusteritsch suggested that the presence of S impurities could cause substantial decrease of ductility in the GB regions, as a result of the competition between the grain decohesion and shear-induced plastic deformation due to grain boundary sliding. 4 Although S segregation in the GB regions can be one of the major reasons, and especially at very high temperature S dopant can be easily segregated from bulk Ni metal to the GB regions, for Ni metal embrittlement, it cannot explain the fact that high S-concentration Ni could actually be super-plastic. 5 A more recent statistics based percolation theory and molecular dynamics simulations predicted a critical amorphization S concentration of 13.6% by Yuan et al., 6 but no micro-atomic level mechanism was given in that theoretical and simulation study. As we know that the ductility or embrittlement is caused by the overall effect of dislocations. Obviously, further study on the shear stressed S-doped Ni metal samples using recent developed dislocation related synchrotron rDAC texture techniques [7] [8] [9] can elucidate more details on understanding the embrittlement mechanism of doped Ni metal. Thus, we performed in-situ synchrotron radiation texture based dislocation characterization to understand the pressure effects on S doped polycrystalline Ni metal's embrittlement changes and analyzed the underline mechanisms. The DD simulations based on plastic deformation of single crystal model were performed and the results were analyzed to explain the observed abnormal embrittlement changes of S doped Ni polycrystalline metal under high pressure.
II. EXPERIMENT AND SIMULATION METHODS
In our experiment, nickel powders were mixed with nickel sulfide powders in a cold ball milling process. The atomic ratios of S in the mixture are 7 at.%, 11 at.%, 14 at.%, and 20 at.%, respectively. Based on (Material Analysis Using Diffraction) MAUD 10 data fitting analysis, the result average polycrystalline size is 20±5 nm. Synchrotron XRD data were collected on the NiS/Ni-S mixtures at Lawrence Berkeley National Laboratory (LBNL) BL-12-2-2 beamline to determine the possible phases formed under different pressures. Using a diamond anvil cell (DAC), radial compressdecompress experiments were performed (rDAC). The synchrotron XRD data was then collected at LBNL BL-12-2-2 to determine the possible formation of different phases, such as Ni 3 S 2 , NiS etc., in the Ni-S samples. The XRD data were also used for the texture and micro strain-stress analyses. Data collected from XRD measurement were analyzed using Fit2d 11 and MAUD software packages.
A series of first principle density functional theory based simulations for bulk Ni metal with various S substitution sites, concentration, and at different pressures were performed to obtain the shear moduli and Poisson's ratios which was used for dislocation dynamics (DD) simulation input parameters. Then, the effects of dislocation development were evaluated using the ParaDiS software package. 12 It is based on non-singular continuum theory of dislocations that allows accurate numerical calculations of dislocations in terms of multiple dislocation nodes. 13 From our former research, 7,9 the dislocation behaviors under pressure are similar for the Ni metals with particle size from 20 nm to 500 µm and bigger. Since ParaDiS based DD simulation is typically used for micro scale dislocation dynamics simulations, we set up isotropic models occupying 1 × 1 × 1 µm 3 space and implemented face centered cubic (FCC) mobility law for static pressure simulation. Different Ni/S ratios were indirectly implemented by changing corresponding shear moduli and Poisson's ratios obtained from our first principle simulations mentioned above. The ductileness property can be analyzed by checking the changes of dislocation density and velocity.
III. RESULTS AND DISCUSSION
The MAUD software was employed to analyze the differential stresses and textures of the samples at each pressure. Inverse pole figure of compression direction (see Fig. 1 ) was used to represent the textures. These show the probability of finding the poles to lattice planes in the compression direction. The texture in 7 at.% S doped sample (shown at the top three graphs of Fig. 1 ) evolves at pressure as low as 0.5 GPa. At 13.5 GPa, an obvious development of texture strength can be found, with 1.12 multiples of random distribution (MRD). The texture strength keeps increasing when the pressure goes higher. The strongest texture strength can be observed when the pressure increased to 29 GPa (1.14 MRD). The 11 at.% S doped sample (the three graphs in the second row) shared the similar trend of the 7 at.% sample, and presented the strongest texture at 26.3 GPa (1.48 MRD). The 14 at.% S sample (the three graphs in the third row) demonstrated the strongest texture among all samples at the intermediate pressure (14 GPa) and high pressure (29 GPa), with the texture strength of 1.22 MRD and 1.54 MRD, respectively. The texture observations indicate that dislocation-mediated plastic deformation is active for samples under high pressures. The texture diagrams also show the gain rotation due to the grain boundary sliding, which randomizes the grain orientation distribution. An abrupt texture strength increase is observed in the 14 at.% S doped sample when compared to that of the 11 at.% sample. The 20 at.% sample, however, does not have texture in (111) direction and no much difference exists when subject to different pressures, and showed weak texture strength, i.e. more brittle. The texture strength comparisons of Ni metal in the Ni-S samples indicated a critical dopant concentration of 14 at.% S dopant. For the cases of concentration lower than 14 at.%, the Ni-S samples always have dislocation-mediated plastic deformation; and the texture strength increases with pressure; In contrast, for a case of concentration exceeds 14 at.%, 20 at.% case, the Ni-S sample becomes more brittle and the texture pattern and intensity are very close. As showed in Fig. 2 , the inverse pole figures for samples during decompression are highly consistent with those under medium pressure (12) (13) (14) . Meanwhile, we noticed the relative strong textures at low pressure than original starting ones which indicates the existence of residual stress in the samples after decompression to low pressure. Through the compression and decompression, the texture patterns of 20 at.% S dopant sample (shown at the bottom three graphs of Fig. 1 ) do not change much and keep very similar weak intensity at each orientation. In order to gain a better understanding of the plastic deformation in the Ni-S samples, the X-Ray peak broadening of the samples under different pressures was analyzed, in the form of full width at half maximum (FWHM). The broadening is affected by three major factors: instrumental broadening, grain size effects, and stress-induced broadening. To characterize the instrumental broadening, LaB 6 is implemented in the test as the calibrant. Since we employed the same XRD facility, the instrumental broadening, which primarily depends on the equipment, are the same. 7 From our recent experiment involves similar samples of polycrystalline nickel, the grain sizes are considered comparable. Thus the difference of broadening among different samples can only be attributed to the stress change.
The evolution of peak broadening of the four stressed samples shows substantial differences (Fig. 3) . The broadenings of the three peaks have similar pressure dependencies, whereas the broadening evolution trend regarding pressure of 7 at.% and 11 at.% samples are quite different from that of 14 at.% and 20 at.% samples. Strain profiles in compression can affect peak broadening. For the 14 at.% and 20 at.% sample, the peak broadening trends showed that the strain and stress develops with pressure; when pressure reaches ∼ 22.0 GPa, the strain and stress are reduced. The strain and stress change indicate that for samples with higher S concentrations, elastic deformation will occur, followed by fast reduction, especially for 20 at.% sample. The 14 at.% sample has less peak broadening while samples were compressed, which is consistent with the less brittle texture showing in Figs. 1 & 2 .
To verify the embrittlement reduction observed from experimental results, we carried out a series of simulations for bulk Ni sample with dopant S atoms at substitution sites at 0, 15, and 30 GPa. The simulation result partially explained the experimental data that ductility improves along with the increase of pressure, but it is insufficient to clarify why 14 at.% sample is the most ductile one. First, a series of first principle simulations for bulk Ni sample with various S substitution sites at 0, 15 and 30 GPa were carried out. We chose 1 S atom substitution at the center for 12.5 at.% S doped Ni sample, and 2 S atoms at the center and corner for 25 at.% S doped Ni sample. The simulation results of shear moduli and Poisson's ratios (Table I) will be used for ParaDiS input parameters discussed below.
The effects of dislocation development were evaluated using the ParaDiS software package. As showed in Fig. 4(b) , the dislocation density results are consistent with our inverse pole figures, that 12.5 at.% S doped Ni metal has the highest dislocation density at high pressure, compared with other S concentrations. In terms of dislocation mobility, compared with pure Ni and Ni doped with 25 at.% S, the 12.5 at.% S doped Ni also revealed the highest dislocation velocity at high pressure (Fig. 4(c), 4(d), and 4(e) ).
The broadening analysis of Ni in the Ni-S samples showed that the high S concentration samples, both 14 at.% and 20 at.%, from low pressure to ∼ 22 GPa, exhibit mostly elastic deformation, then the broadening decreases afterwards. While for lower S concentration samples, the broadening development are substantially different. Since strain and stress change is the primary source of broadening, the ductility change in Ni-S samples can be deduced from dislocation movements and dislocation generation introduced by strain and stress change 14 within the crystal structure of the Ni. On the other end, textural patterns at high pressures are similar among (20 nm -500 nm) for FCC metals (Refs. 6 and 9), it is reasonable to use our ParaDiS simulation results at micron level to explain our samples at ∼20 nm scale. At high pressure of ∼30 GPa, the 12.5 at.% S dope Ni sample showed the highest dislocation densities and dislocation velocities along different directions, this is consistent with our earlier textural pattern, in which 14 at.% S doped sample showed the strongest texture at high pressure of 26.3 GPa. According to Ashby, 15 under compression, the plastic deformation induced increase in dislocation density, resulting in improvement of ductileness.
IV. CONCLUSION
In summary, we present a route for tuning Ni metal mechanical properties by adjusting the dopant concentration and external pressure. Our synchrotron XRD rDAC compress and decompress experiment observation of S doped Ni metal reveals that the 14 at.% S doped Ni metal is the most ductile one among all the cases studied under pressure at pressure from 14 GPa up to 29 GPa. The DD simulation confirms the pressure induced embrittlement changes. This discovery outlines a route of designing targeted metal ductileness by adjusting dopant concentration at high pressure.
